Mild hyperthermia or thermal ablation induced by focused ultrasound (FUS) has been widely explored clinically for the treatment of uterine fibroid, 1,2 prostate, 3,4 breast, [5] [6] [7] and liver 8, 9 tumors as well as brain disorder. [10] [11] [12] In addition, millisecond-long pulses employed in pulsed High-Intensity Focused Ultrasound (p-HIFU) have been demonstrated to be capable of enhancing the delivery of drugs, antibodies, plasmids, or nanoparticles in tumoral tissues [13] [14] [15] [16] [17] [18] through nonthermal 15, 17 and thermal mechanisms. 18 Monitoring temperature during calibration and characterization of the techniques is crucial for ensuring the safety and efficacy of the treatment.
Magnetic Resonance Imaging (MRI) thermometry is used for guiding and monitoring therapy in MRgFUS systems. 19 On the other hand, ultrasound image-guided FUS systems can monitor temperature changes in real-time using B-mode images that track apparent tissue displacements created by tissue expansion and changes in the speed of sound associated with the temperature increase. [20] [21] [22] In both methods, accurate calibration and validation of the temperature measurements have to be conducted for different tissues, which are often conducted using thermocouple measurements in tissue-mimicking phantoms, ex vivo samples, and in vivo. Despite the low cost and wide measurable temperature range with good precision, in situ temperature measurements using thermocouples during sonication are affected by an unavoidable effect called the viscous heating (VH) artifact. 23, 24 This temperature measurement artifact is generated by the motion of the thermocouple within the tissue. Viscous heating incurs a rapid increase in the temperature that distorts measurements. Based on previous studies, the artifact temperature due to viscous heating can reach 80% of the measurement when using wire thermocouples placed within the FUS focal region. 25 Huang et al. 26 proposed characterizing the viscous heating artifact in phantoms by closely mimicking the acoustic properties of the tissue of interest and then removing the artifact from actual measurements in tissues. However, this approach requires an arduous development and characterization of different tissues and their corresponding lowabsorption tissue-mimicking phantoms. Another method consists of using thermocouples that do not exhibit viscous heating 25, 27, 28 such as thin-film thermocouples (TFTs). However, TFTs are not widely available and are not suitable for invasive in vivo experiments, which currently limit their use. 25 In this study, we describe a method for evaluating and removing viscous heating artifacts from experimental data based on numerical simulations using the Bio-Heat equation. 29 A simulation pipeline is presented to model the viscous heating along with the heating due to ultrasound absorption in biological tissues. The temporal behavior of the artifact and the effects of the thermocouple diameter are also evaluated. Finally, we present how these simulations can be used to evaluate the contribution of the viscous heating in temperature rises measured in chicken breast samples.
The numerical model was created using the k-Wave Matlab Toolbox 30 with the implementation of the bio-heat equation 29 given by
where T, T a , q, C, j, and Q us are the temperature, arterial blood temperature, density, specific heat, thermal conductivity, and heat arising from the absorption of ultrasound by the tissue in the steady state, respectively. The steady state is reached when the amplitude of pressure and speed of the wave stabilize at the focus. Here, we consider Q us as the primary heat source. The spatial distribution of this source was derived from the pressure as
where a is the acoustic absorption, p the peak positive pressure, and c 0 the speed of sound in the medium. The heating simulation was performed using the absorption coefficient measured from three chicken breast samples. The attenuation of the samples and the FUS beam profile were obtained using a hydrophone in a water tank (HGL-0200, Onda Corporation, USA). The mean attenuation coefficient was determined by comparing the relative amplitude of ultrasound through transmission measurements in samples and in free water. The thicknesses of the samples, measured using a caliper at 18 different points, were 7.1 6 1.8, 11.3 6 2.8, and 8.5 6 1.4 cm, respectively. The attenuation coefficients for each sample measured at an ultrasound frequency of 3.1 MHz were 12.4, 12.6, and 15.4 dB/cm. The coefficient a 0 at 1 MHz was derated using a ¼ a 0 Áf n and n ¼ 1.18 for soft tissue. 31 An absorption to scattering ratio of 73/27 based on canine muscle attenuation at 37 C, 32 was applied as only the absorbed waves are converted into heating. The mean attenuation was 3.5 6 0.4 dB cm À1 MHz À1 (close to the attenuation measured across fibers in human muscles: 33 3.3 dB cm À1 MHz
À1
) with an absorption coefficient of 2.6 dB cm À1 MHz
. A secondary heat source Q vis modeled the viscous heating. To perform the experimental validation in chicken breast samples, the last term of Eq. (1) disappears since there is no blood perfusion. For in vivo measurements, the perfusion has to be considered and can easily be included in the simulation. Viscous forces applied to a cylindrical thermocouple can be transverse or aligned with the direction of ultrasound propagation. In this study, we have only investigated the transverse alignment. Thus, in the steady state, the heat generated per second per unit length of the thermocouple by the viscous forces is given by
where R ¼ k 0 xM 0 , with M 0 defined as the mass of tissue displaced per unit length of the thermocouple, and M is the mass per unit length of the thermocouple. The quantities k and k 0 can be expressed as a func-
, with r 0 defined as the radius of the thermocouple and the kinematic coefficient of shear viscosity. x is the ultrasound frequency defined by x ¼ 2ÁpÁf. Finally, U 0 is the particle velocity at the tissue/thermocouple interface, which can be obtained by U 0 ¼ p/qc 0 . Similar expressions can be computed for any other orientation of the thermocouple with respect to an ultrasound beam with angle h derived from sin(h) and cos(h) compounding (Fry and Fry 23, 24 ). Both heat sources (Q us and Q vis ) were switched "on" and "off" in loops to reproduce the ultrasound duty cycle and Pulse Repetition Frequency (PRF) in the p-HIFU case study. A summary of the tissue properties used in the simulation is given in Table I .
Experimental temperature measurements were performed using a commercial thermocouple [Micro wire T-type probe, 3 ft. lead. Teflon coated; Max diameter at tip 0.011 in. (0.3 mm); model Ultra Fast Micro Wire Type T, Thermoworks, UT, USA] fixed at one position to avoid damage in the sample from several withdrawals of the thermocouple. The FUS focus was positioned at the very edge of the thermocouple's sensitive area using a 3D positioning system (Velmex, inc., Bloomfield, NY, USA). This avoided artifacts in the temperature measurements due to the thermal diffusion of structures outside the region of interest. The thermocouple was inserted 5 mm below the chicken breast surface using ultrasound B-mode imaging guidance. The chicken breast samples were placed at an adjustable height platform covered with Parafilm M (Merck KGaA, Darmstadt, Germany) used to secure the sample and avoid tissue dehydration. A singleelement FUS transducer with a center frequency of 3.1 MHz (inner diameter: 31.7 mm, outer diameter: 60.0 mm, radius of curvature: 50.0 mm; H-108, SonicConcepts, Seattle, WA, USA) was driven by a function generator (33560B, Keysight Inc., Santa Rosa, CA, USA) connected to a 50-dB amplifier (Electronics and Innovation Ltd., Rochester, NY, USA). The lateral and axial beam sizes (full width at half maximum) were 0.4 mm and 2.6 mm, respectively. A diagram and a picture of the experimental setup are provided in Fig. 1 .
The numerical solution demonstrated in our study was implemented based on the analytical solution described by the Fry 23 and their companion paper reporting the experimental validation. 24 The validation of our Q vis source was made by comparing the peak temperature measured experimentally with the peak temperature obtained using the simulation (using Q abs and Q vis ). A maximum error of 10% was found in our study. We first investigated the contribution of the viscous heating in the temperature elevation for different thermocouple diameters. Figure 2 . The magnitude of the viscous heating artifact was inversely proportional to the thermocouple diameter, as observed experimentally by Morris et al. 25 The T vis /T abs ratios for all thermocouples were maximum at the beginning of sonication and decreased over time, followed by a rapid decrease in this ratio at the end of sonication during the cooling period [ Fig. 2(b) ].
Beyond recovering fundamental properties of the viscous heating artifact, we further used our modeling to remove its contribution from experimental data. We verified that the relative proportion of the viscous heating on temperature elevation was independent over a large range of pressures. As a result, the proportion of viscous temperature T vis /(T abs þ T vis ) and the proportion of absorption temperature T abs / (T abs þ T vis ) can be derived at a given pressure and applied to correct data acquired at a slightly different pressure. Figure 3 illustrates this procedure for a single pulse of 1 ms at 22 MPa. Figure 3(a) shows the normalized temperature elevations at various conditions (sum of absorption and viscous, absorption only and viscous only) derived from the numerical simulation. Figure 3(b) presents the ratio T vis /(T abs þ T vis ) derived from Fig. 3(a) . The experimental data [ Fig. 3(c) ] were then multiplied by this ratio to obtain the temperature rise due to the viscous heating artifact. Figure 3(d) shows the raw experimental data (blue) along with their absorptive (red) and viscous heating artifact (green) components with the corrected temperature elevation shown in red.
Finally, the same procedure was applied to correct temperature measurements obtained from the pulsed sequence. The most prominent artifact is expected at the start of sonication, leading to a rapid increase in temperature of the tissue surrounding the thermocouple. After a certain time, the viscous heating contribution reaches a plateau and any further temperature increase is due to absorption and conduction mechanisms. The stabilization of the artifact for the continuous wave sonication can be visualized in Fig. 2(b) . However, the stabilization of the viscous heating is expected to be disrupted by pulsed sonication as a strong vibration of the thermocouple is introduced by the application of multiple pulses. Figure 4 This ratio is maximal after the start of sonication and decreases until its end (3 s < t < 13 s). A quick decrease in this ratio also appears at the beginning of the cooling period (t ¼ 13 s).
temperature elevation generated by a pulsed sonication used in pulsed-HIFU protocols to enhance drug delivery in tumoral tissues [13] [14] [15] [16] [17] [18] (8.8 MPa pulsed at a 100-Hz pulse repetition frequency, 10% duty cycle, and 20 s total duration). Additionally, we present the viscous heating and corrected experimental data for a pulsed sequence with a PRF of 500 Hz, a duty cycle of 50%, and a total sonication time of 2 s to demonstrate the robustness of our method. This study was limited to explore pressure levels where no cavitation is expected. Future work will explore the artifact introduced by cavitation in thermocouple measurements.
In summary, the simulation pipeline described herein allowed for the theoretical investigation of the viscous heating artifact generated by thermocouples exposed to FUS fields. We propose a method for correcting data acquired under variable experimental conditions. We presented an example case for p-HIFU applications that can also be used to correct experimental data acquired during tissue ablation procedures and other ultrasound therapies. The scope of this technique facilitates the characterization of tissue thermal properties under FUS procedures and the calibration of noninvasive thermometry techniques. 
